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Abstract 
The ultrasonic air pump with a bending vibrator and a reflector was discussed.  Simulation method to calculate the acoustic 
streaming in the air gap of the pump is important for the design.  We suggest three methods to analyze the acoustic streaming on
our ultrasonic air pump and compared these calculated and experimental results in the sound pressure distribution and the flow 
velocity distribution in the air gap. By ignoring one axis component and keeping the mesh fineness, FEA result improved in 
preciseness. 
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1. Background 
Recently, equipments such as mobile terminal are getting smaller, thinner with more high-power.  It causes a 
demand for a low-profile air supplying device which supplies gas flows into narrow space in which conventional 
fans or pumps cannot be embedded.  
It is known that air flows can be induced when an intense sound field is generated in a gap between two parallel 
plates. We applied this phenomenon to an ultrasonic air pump which consists of a bending transducer and a 
reflector.  How to calculate the acoustic streaming due to attenuated plane waves has been reported [1].  However, 
numerical calculation including from driving force to flow distribution due to acoustic streaming has not been 
reported.  Appropriate simulation will be a help when optimizing the structure of device to generate unidirectional 
air flow and to obtain higher flow rate with smaller input electrical power to the transducer.  We expect this device 
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can be easily downsized and lower-profiled because it has no mechanically operating structure nor check valve.  In 
this paper, we suggested three simulation methods and compared each result to experimental result. 
2. Principle and Structure 
The basic structure of the device is shown in Fig. 1. The bending transducer consists of an aluminum plate 
(30x20 mm) and a PZT element (20x10mm, 0.4 mm thickness) bonded on the back of the aluminum plate.  The 
thickness of the aluminum plate is variable to adjust the vibration frequency. An acrylic resin plate is located over 
the transducer with a certain gap to act as a reflector.  
When the fundamental bending vibration mode shown in Fig. 2. is excited on the transducer, the intense sound 
field is excited in the gap. And then the driving force of the acoustic streaming F is induced according to eq. (1) [4]. 
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where u, ȡ, ȡa, μ and μȞ are particle velocity, density, vibrating component of density, viscosity and bulk viscosity 
of the air, and Ȧ is the driving angular frequency.  Finally this driving force generates a streaming of air. A plane 
and stepped reflectors as shown in Fig. 3 are employed. 
Fig.1 Basic structure of the device. 
Fig.2  Bending vibration mode on the transducer. 
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In order to obtain larger streaming the (nx, ny) = (3, 1) mode sound pressure distribution, in which the 3Ȝ/2 and 
Ȝ/2 resonance are generated in the length and width directions, is excited in the gap [3].  That is because the 
correlation between the vibration mode of the transducer and the sound pressure distribution is large.  The resonant 
frequency of air gap is expressed as 
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where c is the sound speed in the air. 
The resonant frequency of the (3, 1) mode is 26.2 kHz, and the thickness of transducer is adjusted to 2 mm so that 
the fundamental bending vibration mode is excited at the same frequency. 
 When the plane reflector is employed, standing wave is dominant in the sound pressure distribution, however, 
when the stepped reflector is employed, traveling wave component is likely to generate. 
Fig.3  Configurations of (i) a plane reflector and (ii) a stepped reflector. 
Fig.4  (3, 1) mode sound pressure distribution in the air gap. 
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3. Analysis method 
This time we compare three analysis methods.  All method takes the viscosity of air into account because the 
viscous effect is dominant compared with inertia effect in such a small gap.  First one is a finite element analysis 
(FEA) with 3D model shown in Fig. 5. We adopted piezoelectric-structure-fluid interaction analysis model by 
ANSYS 11.0 MFX-ANSYS/CFX (ANSYS Inc.).  The mesh size is 1 mm and the calculation time step is 1 μs (38.2 
times per 1 cycle of the driving ultrasound).  Total simulation time is 600 μs (15.7 cycles).  Setting the symmetric 
boundary condition at y=0 plane, we can spare the half of model to save the amount of calculation.  The FEA 
outputs the pressure and particle velocity distribution, and then the driving force F can be calculated from eq. (1).  
Finally by applying this calculated driving force to the static flow fluid simulation, we can obtain flow velocity 
distribution of streaming.  The advantage of this model is that whole distribution of physical quantities can be 
obtained.  However the finer mesh size and the longer total simulation time require the higher computer 
performance and larger calculation costs.  
Second one is the FEA with 2D model shown in Fig. 6.  In order to reduce the amount of calculation, we ignored 
effect of width-direction by setting boundary condition on both sides across one mesh element.  In the 2D model, the 
Fig.5  3D simulation model by FEA. 
Fig.6  2D simulation model by FEA. 
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mesh fineness and total simulation time are 0.2 mm and 10 ms (226 cycles), respectively.  Then we achieve the 
preciseness as a 2D analysis. 
Third one is one-dimensional theoretical estimation using the experimental result of sound pressure. The pressure 
distribution on x-axis is approximated into the sum of a third mode standing wave ps and attenuated traveling wave 
with the same wave length pt expressed as 
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where ka is angular wave number (=3ʌ/l) and Ĳ is attenuation constant. 
By substituting this sum into p in eq. (1), driving force F can be expressed as 
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Then the flow velocity of the streaming can be calculated via the fluid simulation by applying the calculated F as a 
boundary condition.  
The driving force is made up of two attenuated terms and a vibrating term. The characteristics of the two terms 
are shown as Fig. 7. The first term has its maxima at Ĳ=10 mm and second one has at Ĳ=20 mm, so we can predict 
the best efficiency when the Ĳ is in the range from 10 mm to 20 mm. We can also find that amplitude of standing 
wave is desired to be almost the same amplitude of traveling wave in order to decrease the vibrating terms and make 
the flow into one-way flow. 
How these parameters can be determined through is following two steps.  First step is to plot the pressure wave in 
complex plane as shown in Fig. 8(a).  Measured pressure waves are generally found to traces a figure approximated 
as an ellipse and standing wave traces a line, traveling wave traces a circle.  So we can define the short radius of this 
ellipse as amplitude of traveling wave (pt0) and the difference of the long radius and the short radius as amplitude of 
standing wave (ps0).  Second step is to subtract standing wave from measured pressure wave and plot the absolute 
Fig.7  Characteristics of first and second term in Driving force at the edge of transducer (x=l/2). 
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value of the difference versus position x as shown in Fig. 8(b).  Then we find a curve approximated as an 
exponentially decaying function. By fitting this curve into exp(-x/Ĳ) via Ĳ, we can find the value of Ĳ.
4. Experimental measurement setup 
The sound pressure distribution in the gap was measured using an optical fiber probe with the diameter of 125
μm [5]. The measurement system is shown in Fig. 9.  Since change of pressure causes refractive-index modulation, 
sound pressure is measured by reflectance modulation of fiber optics from the eq. (6). 
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Fig.9   Measurement setup for the sound field. 
Fig.8  1D theoretical estimation by third mode standing wave and attenuated traveling wave. 
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The flow distribution in the gap was measured by the particle image velocimetry (PIV).  Oil mist was suspended 
in the gap as tracers.  Then, induced acoustic streaming of air carries mist.  The motion of mist was captured with a 
high-speed camera under the laser lighting. 
5. Analysis and experimental result 
5.1. Sound pressure distribution 
The measurement, 3D and 2D analysis results of the pressure amplitude distribution using a plane reflector are 
shown in Fig. 10.  In each result, the third mode standing wave was excited, and the measurement and 2D analysis 
result showed agreements with good accuracy.  However, 3D analysis result has a margin of error at node points of 
the mode compared with the other analysis. 
The pressure amplitude distributions using a stepped reflector are shown in Fig. 11.  In each result, the traveling 
wave component to the left side of the transducer can be seen, and the measurement and 2D analysis results showed 
an agreement with good accuracy.  However, 3D analysis result has a margin of error in the sound pressure 
distribution compared with 2D analysis. 
From these two results, we found that 2D model with better mesh fineness is reliable with good accuracy, and 3D 
model with poor mesh fineness is suspected to have problem in accuracy. 
From the experimental results, the constants for 1D calculation pt0, ps0 and Ĳ were determined as shown in Table. 
1.
Fig.10  Pressure distribution using a plane reflector. 
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5.2 Flow velocity distribution 
The measurement and 3D analysis results of the 2D flow distributions using a plane and stepped reflector are 
shown in Figs. 12 and 13 respectively.  We can see both sides flow in the result with plane reflector while we can 
see one-way flow in the result with stepped reflector.  Even though a margin of error may be found, the 
measurement and 3D analysis result showed an agreement in tendency. 
Fig.11  Pressure distribution using a stepped reflector. 
Reflector pt0 [mm] ps0 [mm] Ĳ [mm]
Plane 318 1200 27.1
Stepped 295 250 22.8
Table.1 1D estimation constants.
Fig.12  Flow distribution of measurement using a plane reflector. 
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The measurement, 2D analysis and 1D estimation result of the flow distribution on x-axis using a plane reflector 
is shown in Fig. 14.  From each result, we can see both sides flow and a large vibration due to the effect of third 
term of eq. (5).   The result of the flow distribution on x-axis using a stepped reflector is shown in Fig. 15.  From 
each result, we can see one-side flow toward left side and a large vibration because pt0 is almost the same as ps0.
From these two results, the measurement and 2D analysis and 1D estimation results showed an agreement in 
tendency.   
Fig.13  Flow distribution of measurement using a stepped reflector. 
Fig.14  Flow distribution on x-axis using a plane reflector. 
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6. Conclusion 
In this report, we suggested three methods to analyze the acoustic streaming on our ultrasonic air pump and 
compared results in these methods with that of measurement in the pressure distribution and flow velocity 
distribution.  2D analysis and measurement results showed an agreement with good accuracy and 1D estimation 
result showed an agreement in tendency.  However 3D analysis still has a margin of error because of mesh fineness, 
simulation time, and so on. 
Judging from these results, as a method of analysis, we suggest that we use these three methods in combination.  
First we know the tendency from 1D estimation, second we analyze in detail from 2D analysis and finally we find 
whole distribution from 3D analysis.  
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